Background and Aims: Saffron (Crocus sativus) is a sterile triploid (2n ¼ 3x ¼ 24) cultivated species, of unknown origin from other diploid and polyploid species in the genus Crocus (Iridaceae). Species in the genus have high morphological diversity, with no clear phylogenetic patterns below the level of section Crocus series Crocus. Using DNA markers, this study aimed to examine the diversity and relationships within and between species of Crocus series Crocus.
INTRODUCTION
Crocus is a genus in which 88-160 small corm-bearing perennial species are recognized; the genus is divided taxonomically into two subgenera, two sections and 15 series (Mathew, 1982; Petersen et al., 2008; Harpke et al., 2013 Harpke et al., , 2015 . Species occur in the wild in Europe, the Middle East and North Africa, and are grown as ornamentals throughout the world. Saffron (Crocus sativus, 2n ¼ 3x ¼ 24) is cultivated as a spice and colorant, and the common name is applied both to the plant and to the spice. The spice, obtained from its dried stigmas, is the most expensive farmed agricultural product per gram. Saffron is grown in Kashmir, Iran, North Africa and Europe in environments characterized by cool winters and warm dry summers. Archaeological records indicate that saffron was cultivated and used as a spice and/or medicinal plant in the Mediterranean basin as early as the late Bronze Age. However, there is no consensus on where the first saffron plants were domesticated and grown (see Grilli Caiola and Canini, 2010; Molina et al., 2015) .
Genetic diversity is crucial in all breeding programmes: crop improvement relies on new genes, new regulation of genes and new gene combinations. Desirable genes, which have been selected by either man or nature itself, are found within both domesticated and wild plant populations. Ancestral species are a major source of genetic diversity, and traits of interest may be introduced as chromosomal segments through direct crossing or through genetic manipulation techniques in crop improvement programmes (Vaughan et al., 2007; Heslop-Harrison and Schwarzacher, 2012) . With a basic chromosome number of x ¼ 8, the sterile saffron is propagated exclusively by vegetative means (see Petersen et al., 2008; Agayev et al., 2009) , although there are scattered reports of hybrids at least back to the work of Chappellier (1900) .
The regions producing saffron each consider that they have a product with unique attributes. Variation in saffron product characters can be due to environmental effects, post-harvest processing and any genetic variation (Agayev et al., 2006; Nehvi et al., 2007; Ghaffari and Bagheri, 2009; Fluch et al., 2010; Siracusa et al., 2013; Babaei et al., 2014) . Saffron lines have been selected for better quality or higher yield from outperforming corms (Agayev et al., 2009) . As long ago as 1900, Chappellier reported 'for the saffron, there is only known a single and unique species; for ages it has not produced a single variety', writing that he was comparing bulbs obtained from Italy, Greece, Austria, Spain, Kashmir (as Cashmere) and China. Some authors have concluded that there is little or no genetic variation in saffron (Rubio-Moraga et al., 2009; Fluch et al., 2010) , although other recent studies have indicated limited genetic diversity within the species (Á lvarez-Ortí et al., 2004; Sik et al., 2008; Nemati et al., 2012) . A reduction in production area in Europe over the last 300 years and more recent global distribution of planting material could result in the loss of any variation present: an EU programme to collect saffron from multiple locations, CROCUSBANK, addresses the question systematically (Fernández et al., 2011 ; http://www.crocusbank.org).
There is interest in understanding the relationships and diversity in the whole genus Crocus by examining its genomic structure and phylogenetic relationships. The genus, and in particular the sections Nudiscapus and Crocus, are well circumscribed by both morphological and DNA analysis (Petersen et al., 2008; Harpke et al., 2014 Harpke et al., , 2015 . In section Crocus, morphological analysis has been used to separate species into different series. Despite relatively robust separation of species by morphology (e.g. of flower parts, corm tunics or floral and vegetative development, many not obviously single-gene, autapomorphic characters), no DNA markers have resolved the natural relationships [e.g. plastid and nuclear sequences (Seberg and Petersen, 2009; Harpke et al., 2014 Harpke et al., , 2015 Larsen et al., 2015) , repetitive DNA (Frello and Heslop-Harrison, 2000) and anonymous polymorphic markers (Fluch et al., 2010) ] and indeed DNA markers do not support all the series consistently and robustly. The interspecific hybrid garden-origin Crocus 'Golden Yellow' (3x) and 'Stellaris' (2x) (Ørgaard et al., 1995) and C. sativus (3x) are well known, easily propagated vegetatively and are successful in cultivation. However, among the large number of species for which there have been studies of chromosome number, morphology and fertility, apart from C. sativus there were few reports before Harpke et al. (2015) discussing hybrid species of evolutionarily recent origin, and there are few species recognized as tetraploids. There are diploid and tetraploid members of some single species; in C. vernus, Frello and Heslop-Harrison (2000) reported major polymorphisms in karyotypes of ten diploid accessions, but the chromosomes in a 2n ¼ 16 accession differed from those in all diploids. There is also no consensus about the ancestors of saffron (Maw, 1886; Mathew, 1982; Frello et al., 2004; Petersen et al., 2008; Erol et al., 2013; Harpke et al., 2013; Izadpanah et al., 2014) .
Although DNA markers can often resolve questions about taxonomy and domestication (e.g. Parker et al., 2014) , Seberg and Petersen (2009) concluded that, for a plastid phylogeny alone, some 5800 bp of sequence would be needed to identify all Crocus species. Even this large amount of targeted sequencing would only identify the maternal parent in hybrids and would weight species delimitation to plastid genome evolution, and karyotype evolution, polyploidy, introgression or backcrossing would not be taken into consideration.
Apart from polyploidy which has played a significant role in plant speciation (see Levin, 2013) , much of the DNA in the plant genome is associated with duplications or various classes of repetitive DNA including transposable elements (TEs) and satellite sequences (Kubis et al., 2003; Heslop-Harrison and Schwarzacher, 2011; Estep et al., 2013) . TEs play an important role in the structure and evolutionary dynamics of the genomes, and retrotransposons are perhaps the most ancient components and make up the bulk of angiosperm genomes (HeslopHarrison and Schmidt, 2012) . Inter-retroelement amplified polymorphism (IRAP), using PCR primers facing outwards from terminal repeats of retroelements, allows measurement of polymorphisms arising from retrotransposon insertion. The ubiquitous nature, high copy number, diversification, amplification, movement and widespread chromosomal distribution of retrotransposons make these elements ideal for the development of such molecular markers (Teo et al., 2005; Saeidi et al., 2008; Kalendar et al., 2011; Menzel et al., 2014) to serve as biodiversity indicators, establish pedigrees of lines and allow inference of the evolutionary history and phylogeny of species.
Here, we aimed to measure the diversity in IRAP pattern in Crocus series Crocus and between individual accessions of saffron. We also aimed to find evidence for the single or multiple origins of C. sativus, to identify candidate ancestral species of saffron and to understand the relationships and genomic structures of species in the genus Crocus.
MATERIALS AND METHODS

Plant materials and genomic DNA extraction
The Crocus species, their sources and relevant CROCUSBANK accession numbers are listed in Table 1 . Total genomic DNA was extracted from young leaves of single plants of the accessions using standard cetyltrimethylammonium bromide (CTAB) methods.
IRAP amplifications
Eleven IRAP primers previously designed to the conserved long terminal repeat (LTR) regions of retrotransposons were applied in the current study. Nucleotide sequences of the IRAP markers, GenBank accession number, position, orientation and original source are given in Table 2 . IRAP primers were tested as single primers and in all 66possible combinations. PCR mixtures, amplification conditions and gel electrophoresis were modified from Teo et al. (2005) . IRAP primers amplifying Crocus DNA are shown with experimentally optimized annealing temperatures in Table 2 . DNA was amplified using a T professional Gradient Thermocycler (Biometra) in a 15 lL reaction mixture containing 50-100 ng of template DNA, 1 Â Kapa Biosystems buffer A [750 mM Tris-HCl pH 8Á8, 200 mM (NH 4 ) 2 SO 4 , 15 mM MgCl 2 , 0Á1 % Tween-20], 1Á5 mM MgCl 2 , 200 lM dNTPs (Bioline), 0Á6 lM of each primer and 0Á5 U of Kapa Taq DNA polymerase (Kapa Biosystems, USA). PCR conditions were: 95 C for 2 min, followed by 30 cycles at 95 C of 1 min, 40-62 C for 1 min, ramp þ0Á5 C to 72 C, for 2 min and adding 3 s per cycle, with a final extension of 10 min at 72 C followed by holding the block at 16 C. Amplification of PCR products was confirmed on 2 % (w/v) agarose gels prepared by mixing normal (Bioline) and Hi-Res Super AGTC Agarose (Geneflow, UK) in ratios of 3:1 and run on at 7 V cm -1 for 45-60 min or a slow speed of 15 V for 15 h, visualized by staining with 0Á5 lg mL -1 ethidium bromide. The reproducibility of amplified fragments was confirmed by repeating all reactions twice and using duplicate DNA extractions.
Genetic variability and phylogenetic analysis
For each IRAP fragment, presence/absence was scored on gel images in Adobe Photoshop, and binary matrices were assembled as spreadsheets. Basic statistics including the total number of alleles, major allele frequency, genetic diversity and polymorphism information content (PIC) values were determined using PowerMarker version 3Á25 (Liu and Muse, 2005) . The data were also used to infer the relationships of Crocus species based on the UPGMA method (Saitou and Nei, 1987) with 1000 bootstrap replicates using PowerMarker. Crocus angustifolius (section Nudiscapus) was used as an outgroup. The consensus bootstrap tree was generated using Geneious v.7 (Biomatters Ltd, Auckland, New Zealand).
RESULTS
IRAP amplification and diversity within Crocus species
Out of 66 IRAP primers and primer combinations tested, 63 amplified multiple and distinguishable fragments from the genomic DNA of all Crocus species and accessions (Tables 1  and 2 ). In our analysis, the Sukkula primer, either alone or in combination with other primers, produced the highest number of IRAP bands (Figs 1 and 2). The low number of fragments indicates that there are fewer elements of the respective retrotransposon in the Crocus genome (as might be expected given the primer design from heterologous species) or that the elements are distantly spaced. At least two PCRs were used for each primer combination. The analysis included 35 accessions, and 4521 distinct bands from 100 bp to approx. 4 kb were amplified (Figs 1 and 2 show representative IRAP gel images). Every fragment was absent in one or more species; no fragment was specific to a single species and high levels of polymorphism were evident within all species (except C. sativus) and between species (Figs 1-3).
IRAP amplification and diversity within saffron accessions
DNA from multiple saffron accessions from different sources and representing diverse geographical collections (Table 1; Figs 2 and 3) was amplified with 11 IRAP markers. All bands were monomorphic, and no polymorphism could be confirmed. Other Crocus species and the garden-origin accession named Series revised to be Verni by Harpke et al. (2015) ; the revision would be consistent with the tree in Fig. 4 . 
FIG. 2. IRAP amplification from 24
Crocus accessions (series Crocus, nine Crocus species) (A) Nikita and IRAP Crocus Sukkula primers and (B) IRAP Crocus 5 'LTR primer. Crocus sativus*1 (CsatPER09), C. sativus*2 (Cstkf09), C. sativus*3 (CstVD09), C. sativus*4 (CsatP09), C. mathweii*1 (CmatD08), C. mathweii*2 (HKEP.9291, CmtHR09), C. thomasii*1 (CtmVD09), C. thomasii*2 (MS978, CtomI09), C. asumaniae*1 (CasWD09), C. asumaniae*2 (CasAT09), C. oreocreticus*1 (CorVR09), C. oreocreticus*2 (CorVD09), C. cartwrightianus*1 (CcwBD09) and C. cartwrightianus*2 (CcrCR09). M, DNA size marker HyperLadder I as in Fig. 1 .
'C. sativus cartwrightianus' were used in parallel amplifications and showed evident polymorphism (Figs 2 and 3 ).
Genome diversity and relationships among the Crocus species
To evaluate the relationships, the binary data obtained from 185 913 IRAP fragment scores were used for the reconstruction of distances between species by the UPGMA method with C. angustifolius from section Nudiscapus as an outgroup. The IRAP tree, including 35 accessions of 16 taxa (including one of garden-origin and three subspecies), was divided into three well-supported clusters A1, A2 and B (Fig. 4) with three outlying accessions (cluster A). Cluster A1 included five species (C. cartwrightianus, C. oreocreticus, C. hadriaticus, C. asumaniae and C. thomasii) and cluster A2 comprised 11 accessions belonging to five taxa and three species: C. mathewii, two subspecies of C. pallasii, C. sativus and a hybrid. Cluster B comprises nine accessions from six Crocus species: C. vernus and C. tommasinianus from Crocus series Verni; C. kotchyanus, C. niveus, C. goulimyi and C. versicolor from other series of Crocus (Harpke et al., 2015, merged Longiflori into Verni).
We considered pooling the data by species, but there was substantial intraspecific variation between accessions of some species, particularly C. cartwrightianus and C. hadriaticus, and the analysis grouped these as well-supported branches with the remaining species. The analysis would give such clusters where some bands of similar sizes in different species were not identical by descent, or else some genetic introgression had occurred so species were of hybrid origin.
Because the UPGMA tree does not account for shared bands due to hybridity, we examined the bands shared between C. sativus and all other Crocus accessions. Of the 477 bands in the profile of C. sativus, 270 (56Á6 %) were shared with C. pallasii subsp. pallasii and 41Á1 % with C. pallasii subsp. turcicus. The remaining series Crocus accessions shared between 36Á9 % (an accession of C. thomasii) and 26Á2 % (an accession of C. hadriaticus) of bands. Species from the other series in the genus had many fewer shared bands (8Á4-15Á7 %).
DISCUSSION
The IRAP primers used here were designed from LTR sequences of retroelements found in species other than Crocus (Table 2 ); the great majority were able to amplify multiple loci from Crocus species, indicating the transferable nature of the retrotransposon-based markers. Here, as elsewhere, they proved to give good markers for genome-wide assessment of diversity and relationships (Kalendar et al., 1999 (Kalendar et al., , 2011 Teo et al., 2005; Saeidi et al., 2008) . IRAPs do not analyse nuclear copies of plastid or mitochondrial genes, polymorphisms in possible multicopy genes and genome duplications or potential variation in priming sites; unlike amplification with shorter primers, they are also relatively insensitive to the DNA extraction protocol and amplification conditions. It is frequently noted that polyploids do not give the sum of bands of their parents, presumably because of primer competition, nesting or mismatches [e.g. see Teo et al. (2005) with AA, BB and hybrid bananas, or Saeidi et al. (2008) with diploid and hexaploid wheats (their table 2 shows no correlation of band number with ploidy); band patterns were more additive in cell fusion hybrids of tobacco (Patel et al., 2011) ].
The relatedness of C. sativus (saffron) to other members of the Crocus series Crocus was evident (Figs 2 and 4, cluster A) . IRAPs did not generate a tree position suggesting origination from one diploid species, and autopolyploidy was not supported (Figs 1-3) . Among the C. sativus accessions analysed here, there were no bands unique to C. sativus (Figs 1 and 2) . The lack of variation within saffron (Fig. 3) agrees with reports from Chappellier (1900) and earlier from morphology. Recent reports with a range of DNA markers (Á lvarez-Ortí et al., 2004; Nehvi et al., 2007; Agayev et al., 2009; Fluch et al. 2010; Fernandez et al., 2011; Nemati et al., 2012; Larsen et al., 2015) show low variation, although differences in genes, regulatory sequences or repetitive DNA may be present outside the IRAP sequences surveyed. These may give differences that can be selected and propagated. Phenotypic differences in saffron can also be attributed to differences in climate and cultivation practices, and 'quality' of saffron is therefore more likely to be defined by growing conditions (e.g. soil, water, temperature and altitude), collection and processing techniques, and is less dependent on the origin of the corm (Á lvarez-Ortí et al., 2004; Agayev et al., 2009; Maggi et al., 2011; Torelli et al., 2014) . Subgenus Crocus comprises two sections, Crocus and Nudiscapus, both probably monophyletic (Harpke et al., 2013 (Harpke et al., , 2015 . Section Crocus series Crocus is a strongly supported monophyletic group (Petersen et al., 2008) . The IRAP analyses (UPGMA based on shared bands, Fig. 4 ) supports separation of some species of series Crocus (cluster A) from other species of series Crocus (cluster B). The tree topology (Fig. 4) is in accordance with Mathew (1982) and Petersen et al. (2008) , and the position of all species is satisfied at series level. This indicates the close relationship of the two; IRAP, reflecting retroelement diversification and inheritance, supports morphological analyses.
Within series Crocus, phylogenetic relationships are not well resolved, compatible with the uncertainty of taxonomy and phylogeny in the literature with many methods [Mathew (1982) with chromosome number and morphology; Seberg and Petersen (2009) with nuclear and plastid DNA markers; and Frello et al. (2004) with repetitive DNA]. Further, sub-branching at the accession level indicates genomic diversity within accessions, and high bootstrap support values show the confidence and usefulness of IRAPs in discriminating species and accessions (see Figs 3 and 4) .
Here, a few accessions of C. hadriaticus 'alepohori' clustered with C. oreocreticus, not C. hadriaticus 'Indian summer' (sub-cluster A1, Fig. 4) , and one of the three C. asumaniae accessions 'white' also did not cluster with C. asumaniae 'alba' and 'S9104' (see sub-clusters A1 and outlying species). Both accessions of C. asumaniae 'white' and 'alba' were obtained from cultivation in The Netherlands, whereas 'S9104' originated from Aseki, Turkey, and C. hadriaticus 'alepohori' and 'Indian summer' had the same nursery origin (The Netherlands). Thus the variation in accessions may partly be attributed to their different origin or hybridization stress imposed under cultivation. It is known that stress or unusual environmental stimuli may induce heritable changes, and in plants is associated with the accumulation and rise in the activities of TEs (Kubis et al., 2003; Cullis, 2005; Å gren and Wright, 2011; Heslop-Harrison and Schwarzacher, 2011) . The CROCUSBANK collection is a comprehensive collection of the genus (Fernández et al., 2010; see www.crocusbank.org) . One of the three C. cartwrightianus accessions (CcwBD09 from The Netherlands) was unrelated to the true C. cartwrightianus accessions, and 'C. sativus cartwrightianus' had an invalid name and was different. In the analysis, high variation between accessions within each of the species (other than C. sativus) is evident, and it is clear that much more extensive collections will be required to circumscribe the taxonomic units, as reported by Larsen et al. (2015) . Many wild collections, although locally abundant in their native range, are difficult to maintain in cultivation. The evidence also suggests that interspecific hybridization occurs occasionally, with consequences allowing gene flow, homogenization and hybrid speciation, leading to uncertain delimitation of species.
Most current approaches to phylogenetic tree construction based on multiple co-dominant DNA markers are not able to identify species of hybrid origin because of their reliance on monophyly: with a hybrid of two species with few shared markers, the hybrid will be resolved on a separate branch to the parents. IRAP markers are not exclusively dominant or co-dominant (in common with most other DNA marker systems when amphipolyploid or hybrid species are compared with diploids), so a hybrid will not normally share all the bands of both progenitors. In some cases, it is apparent that there is rapid loss of DNA sequences in new hybrids (Ozkan et al., 2001; Ma and Gustafson et al., 2008) .
No unequivocal parents (ancestors) of C. sativus emerge from the IRAP analysis of shared bands. Are there other Crocus species that remain to be discovered either in the wild or misnamed in herbarium collections? Or are the two species we have not included from series Crocus (C. moabiaticus and C. naqabensis) the ancestors? Crocus moabiticus is a newly identified species with a narrow range in Jordan. It is unlikely that there are significant new species as the regions of occurrence in Europe and the Middle East are well collected for conspicuous plants, although Harpke et al. (2015) suggested substantial changes to the taxonomy recognizing many new species previously included within other species, not least the widespread C. vernus. Our results support the comments of Larsen et al. (2015) that it is important to include many individual plants from different populations in future molecular studies, and that there is likely to be substantial gene flow between populations. Given the likelihood of taxonomic revision of the series and recognition of more taxa (Harpke et al., 2015) , it will also be important to ensure documentation of the collections and ascertainment of chromosome numbers.
Different species of Crocus series Crocus have been suggested as potential ancestors of C. sativus. Crocus cartwrightianus shows morphological similarity to C. sativus, and studies that used morphology and karyotype analysis of the species allied to C. sativus demonstrated that C. cartwrightianus is one of the progenitors of C. sativus (Maw, 1886; Mathew, 1982; Grilli Caiola et al., 2004; Larsen et al., 2015) . Further, the diploid C. oreocreticus is similar to C. cartwrightianus and has also been considered as a possible ancestor of C. sativus (Burtt, 1948) . Repetitive DNA sequences have also been employed in phylogenetic analysis of the genus, but their contribution to the understanding of Crocus phylogenetics was limited (Frello and Heslop-Harrison, 2000; Frello et al., 2004) . Their results did not support all parts of Mathew's classification, leading them to discuss the possibility of far-reaching hybridization and rapid speciation in the genus. In the case of allotriploid saffron, C. cartwrightianus, C. hadriaticus, C. oreocreticus Agayev et al., 2010) or C. thomasii and C. pallasii or C. cartwrightianus and C. pallasii (Tammaro, 1990) have been proposed as candidate ancestral species, with each contributing the basic set of x ¼ 8 chromosomes.
Although the overall IRAP profile of C. sativus was different from that of all species analysed here, among the analysed species, it was most similar to that of C. pallasii subsp. pallasii (Figs 2 and 3) and hence this subspecies (albeit with 2n ¼ 2x ¼ 14 chromosomes) is suggested to be a candidate ancestor for C. sativus. Sanei et al. (2007) also reported that C. pallasii (without specifying the subspecies, which were substantially different in our analysis) is one of the close relatives of C. sativus based on karyotype data; Erol et al. (2013) also found the maximum similarity between an accession of C. pallasii subsp. pallasii and C. sativus. Amplified fragment length polymorphism (AFLP) fingerprinting revealed C. cartwrightianus and C. thomasii to be the closest relatives of C. sativus (Zubor et al., 2004) , like the random amplified poymorphic DNA (RAPD) data of Grilli Caiola et al. (2004) . Flow cytometric analysis of diploid species of Crocus series Crocus including C. cartwrightianus and C. thomasii found C. cartwrightianus to be the most likely ancestor of C. sativus (Brandizzi and Grilli Caiola, 1998) . Here, C. sativus is close to these diploid species on separate branches (Fig. 4) . Based on IRAP markers, C. almehensis and C. michelosnii were shown to be possible ancestors of C. sativus (Alavi-Kia et al., 2008) . Petersen et al. (2008) analysed five plastid regions; their analysis included 86 recognized species of the genus and their study also found C. cartwrightianus to be closely related to C. sativus. The results here show considerable variation between accessions of C. cartwrightianus in contrast to the lack of variation between geographically diverse C. sativus accessions. Notably, our accession from the UK nursery Rare Plants (CcartRP07) shared most bands with the saffron accessions in most of the IRAP primer combinations, and hence it is suggested that it is most similar to one of the donors of the C. sativus genome. Plastid, ribosomal and nuclear single-copy gene sequences, focused on those used for phylogenetic analysis, suggested C. cartwrightianus and C. pallasii as ancestral species of C. sativus (Harpke et al., 2013) , and their results are in general agreement with the findings here. Recent intersimple sequence repeat (ISSR) analyses established that C. cartwrightianus 'albus' is more closely related to C. sativus than to C. cartwrightianus (Rubio-Moraga et al., 2009) . Clearly more accessions of C. cartwrightianus must be genotyped to find that closest to C. sativus.
For most crops, domestication is seen as a bottleneck reducing genetic variation; further artificial selection has advantages in maintaining its genetic characteristics, but causes reduction in genetic diversity. Given the high levels of polymorphism between the species and even individual accessions, minimal if any variation was evident in C. sativus, despite accessions from a broad geographical range being included. Thus it is most likely that a single hybrid gave rise to the saffron corms now grown. Wide genetic diversity is of importance for the development of improved varieties, and it will certainly be valuable to resynthesize C. sativus as a triploid from crossing C. cartwrightianus and C. pallasii subsp. pallasii for improvement of saffron cultivars, exploitation of genetic diversity and conservation of the Crocus germplasm.
